The predator, Rhizophagus grandis, is linked to its specific prey, Dendroctonus micans, by semiochemical signals regulating oviposition and long range orientation. A mixture of simple oxygenated monoterpenes [(-)-fenchone, (-)-pinocamphone, rac. camphor, terpinene-4-ol, borneol, fenchol and verbenone], identified from the frass of D: micans has been found to be extremely active in a flight windtunnel as a long-range attractant for the predator. The mixture elicited 84 07o of the response to larval frass of the prey. Excluding pinocamphone from the mixture did not influence its activity. Also, changing the absolute configurations of some of the components (fenchol, terpinene-4-ol and borneol) did not influence the predators' response. However, the addition of (-)-a-terpineol increased the attractivity of the synthetic blend to almost that of larval frass of the prey. Ecological implications of the identified semiochemicals and their use in pest management are discussed.
Introduction
Rhizophagus grandis Gyll. has been described since the beginning of this century as a specific predator, attacking exclusively the Eurasian greater spruce beetle, Dendroctonus micans (Kug.) (Bergmiller t903; Francke-Grosmann 1954; Kobakhidze 1965; Gr6goire 1988) .
One striking feature of this specific association is the particularly high capacity of R. grandis to discover its prey. For instance, in Belgium, about 90°7o of the prey's brood chambers contain predators, even though D. micans is quite sparse, with usually less than 4 brood chambers/hectare (Gr6goire 1984) . This spectacular capacity for prey location has been attributed to the predator's perception of, and response to still unknown volatile components of the larval frass of D. micans (Tondeur & Gr6goire 1980) . To our knowledge, long-range attractants for Rhizophagidae have only been described for R. depressus (F.) and R. ferrugineus (Payk.) which respond to a 10:1 mixture of ethanol and apinene (Schroeder & Linde16w 1989 ).
An important aspect of the specific link between R. grandis and D. micans is oviposition in response to specific chemical signals issued by the prey larvae. Recently, a © Georg Thieme Verlag Stuttgart. New York comparative analysis of the larval frass of D. micans and of a North American species, D. valens (normally out of R. grandis's geographic rang e but eliciting high oviposition of R. grandis in laboratory tests), resulted in the identification of 7 simple oxygenated monoterpenes generated by the larvae of both bark beetle species: (-)-fenchone, pinocamphone, camphor, terpinene-4-ol, borneol, fenchol and verbenone (Gr6-goire et al. 1991) . Bioassays showed that a mixture of these compounds strongly induced oviposition.
We have now completed our investigations on the enantiOmeric compositions of the natural compounds and we present our results obtained by testing the same blend as a long-range attractant for R. grandis.
Materials and methods Chemical analyses and synthetic compounds
Enantiomeric separations of oxygenated monoterpenes were carried out by gas chromatography using cyclodextrins as stationary phases. Determination of enantiomeric purity of commercially available (+)-terpinen-4-ol and (-)-ceterpineol was achieved by transformation to the trifluoroacetates and separation on a 30 m, 0.25 mm i.d. fused silica capillary coated with octakis-(3-0-butyryl-2,6-di-0-pentyl)-y-cyelodextrin (LipodexE) (KOnig et al. 1989 ) at 100°C. Enantiomers of all other terpenes were separated without derivatization under isothermal conditions using a 30 m, 0.25 Merck   97%  99%  98%  98%  98%  89%  98%  80%  95%  98%   70  98  98  85  96  85  35 Figure 1 .
Gross structures of naturally-occuring oxygenated monoterpenes have been assigned earlier (Grégoire et al. 1991) . Crude pentane extracts of larval frass of D. micans feeding in the phloem of Picea abies, or of D. valens feeding in Pinus lambertiana were used for analyses. Using synthetic samples as references, absolute configurations of the natural products were determined under the conditions described above.
Four blends of synthetic compounds were prepared for bioassays.
Blend a. Equal mixtures of racemic terpinene-4-ol, (-)-c~-fenchol, (+)/(-)-borneol, (S)-(-)-verbenone, (-)-fenchone, racemic camphor, (-)-pinocamphone and of 99 % pure pentane (Merck). This blend was identical to the one used in the oviposition tests (Grégoire et al. 1991) . (Grégoire et al. 1991) .
Bioassays
The windtunnel used in our experiments is 2 m long, 1.2 m high and 0.6 m wide. The 'floor', 'ceiling' and lateral sides are made of 6 mm glass plates mounted on a steel frame, with sliding plates on the lateral sides allowing easy access to every part of the arena. The two end panels are made of Tergal gauze fixed on a removable frame. Air is pushed into the windtunnel by an electric fan at a speed of 0.02-0.08 m/s as measured with a bot wire anemometer (Testoven 4200). Before reaching the test arena, the airflow passes through a 1.5 cm thick layer of activated carbon, then through a 1.3 cm thick beehive structure (dimensions of the cells: 1.3 × 1.3 cm) Having passed this structure, the airflow is laminar, as checked during preliminary tests with ammonium chtoride 'smoke'. The windtunnel is lit from above by 5 fluorescent tubes (Phillips, TLD 58W/33).
Experimental animals were produced in the laboratory in "oviposition boxes" containing spruce bark powder, fresh spruce bark, live D. micans larvae and pairs of adult predatôrs . As it was previously established that flight ability in Rhizophagus grandis decreases with the time spent in cold storage at 4-5 °C (about 8 070 per month, D. Couillien, J.-C. Grégoire in prep.), only 1 to 3 months old insects were used. After sieving the insects under watet (to separate them from their bark powder storage medium), they were sorted according to sex, and preconditioned for 12 h in a Petri dish on moist paper at room temperature (20-23 °C) under the windtunnel light. 4 to 13 batches of 50-80 insects were used for each test. Approximately equal numbers of male and female batches were tun for each treatment. The same insects were allowed to fly only twice on the same day in different tests.
Bioassays were run according to the method developed by T. Wyatt, A. Phillips, J.-C. Grégoire (in prep.). The stimuli were released from an artificial, black polyethy-lene "tree" 9 cm in diameter an 118 cm high, standing 10 cm in front of the air inlet of the test arena, equidistant from both side pannels. The stimuli were deposited on 4 × 6 × 6 cm triangular pieces of blotting paper fixed onto two 50 ml Eppendorff pipette tips affixed to the "tree" at an angle of 45 °C and at heights of respectively 20 and 100 cm from the floor. The number and height of the dispensers (pipette tips) was previously established in preliminary tests with ammonium chloride "smoke" in order to obtain the most homogeneous possible distribution of the stimuli over the vertical plane which included the "tree". For the comparison with natural frass, either 130 mg of D. micans larval frass, or 20 ml (14 mg) of synthetic stimuli (see dose-response results below) were deposited onto each micropipette tip. The insects were released from a take-off platform situated 100 cm downwind from the "tree" and which consisted in a 10 × 10 cm piece of perspex, roughened with sandpaper and lying horizontally on top of a 2.6 cm high Petri dish, 9 cm in diameter. A 20 × 32 cm tray placed under this Petri dish collected all the beetles that did not take-off, so that biological respohses were calculated only from the insects which did take-off. The insects hitting the "tree" in response to the attractants fell into a 26 × 40 x 1.5 cm tray, filled with water, where they could be easily counted. Each tree was used for one single test, then was carefully washed with a detergent (Superdecontamin, Intersciences, S. A., Bruxelles) followed by ethanol previous to any other use. All tests were performed at room temperature (20-23 °C). Results are expressed as percentages of flying insects hitting the 'tree' and collected in the tray underneath.
Results

Chemical analyses
As may be seen from Table 2, + nd: not determined, due to an interferring compound clearly separated. The absolute configuration of borneol was found to be different in the frass extracts of the two speciespossibly due to differences in the composition of resins of the host material, Picea abies and Pinus lambertiana. The enantiomeric composition of natural terpinen-4-ol and a-terpineol could not yet be determined.
Dose response to the synthetic mixture
Doses of blend a ranging from 2.5 ~tl (1.8 mg) to 50 ~tl (35 mg) were deposited onto each of the two micropipettes on the "tree". A stable response of ca 60 °7o of the flying insects was observed for doses above 15 ~tl (Fig. 2) .
Synthetic stimuli versus frass
Responses to stimuli (measured as a percentages of flying insect hitting the 'tree') are shown in Table 3 . The responses to blends a, b, and c were found to be approximately 84 %, 86 % and 80 % of the response to frass repsectively. The addition of (-)-a-terpineol to blend c resulted in a marked increase of the response (blend d: 97% of the response to frass). 
Discussion
Out windtunnel experiments show that the same small group of chemicals which elicits oviposition in Rhizophagus grandis (Grégoire et al. 1991 ) is also largely responsible for its orientation in flight to its prey. Most of these oxygenated monoterpenes are more or less common bark beetle volatiles (Francke & Vité 1983; Pierce et al. 1987; Francke et al. 1988) , however, (-)-fenchone is extremely rare in this context and thus may give rise to a highly specific signal.
Further experiments will have to assess the specific roles which single components play in oviposition and/or long-range orientation, and to evaluate possible complementary actions of additional compounds. Preliminary results indicate that (-)-verbenone at least is likely to be active in both oviposition and orientation. It has been experimentally found to elicit some egg-laying (Baisier 1990) , and also proved to trigger high electrophysiological activity in electroantennograms and single cell recordings of antennal reactions (Tommeräs et al. 1984) . Since antennectomized females lay as many eggs as intact females (Baisier 1990) , verbenone perception through the antennae might be related to orientation behaviour. According to the very positive and similar responses to blends a, b, and c, precise enantiomeric proportions of at least some of the compounds do not seem to play an essential role. In blend d, (-)-c~-terpineol appears to act as a synergist. Preliminary field tests using this blend showed extremely high recapture rates for released predators (J.-C. Grégoire et al. in prep.) .
Further experiments will also have to take into account possible short fange orientation mechanisms (occurring after the beetles have landed on an attacked tree), and which may still rely upon other signals. Nevertheless, the present results offer interesting insights into the mechanisms governing prey specificity in R. grandis which has never been found in the galleries of any bark beetle other than D. micans. The simplest and most economic factor ensuring specificity is likely to be long range attractants. A further step ensuring prey specificity would then be the predators' response to specific oviposition stimuli. From that point, the major constraints probably change, and the first threat facing the predators becomes food shortage. This could explain why, once in a proper environment, adults and larvae of R. grandis start behaving as real opportunists, feeding on whatever prey they meet in the brood chambers and making thus the best possible use of every available resource in their restricted universe. This opportunistic attitude towards feeding has been observed in the field where larvae sometimes feed on fungal mycelium (Francke-Grosmann 1954) , and in the laboratory where both adults and larvae accept to feed on a large range of prey, from D. micans to Calliphora maggots, cockroaches and catfood.
Orientation of predators towards semiochemicals released by their prey and corresponding host-plants is a widespread phenomenon which has also been observed in the relationships between bark beetles and their predators (Wood et al. 1968; Rice 1969; Vité & Williamson 1970; Pitman & Vité 1971; Dyer 1973; Bakke & Kvamme 1981; Heuer & Vité 1984; Schroeder & Lindelöw 1989) . Bark beetle pheromones and constituents of their host trees such as monoterpene hydrocarbons seem to play a major role in prey location by clerid, trogositid and ostomid beetles. A similarly intriguing case is that of the dolichopodid fly, Medetera aldrichii, whose larvae are predators of bark beetle larvae. Host tree-produced c~-pinene induces the female predators to oviposit under bark scales (Fitzgerald & Nagel 1972) . In the related M. bistriata, longrange attraction proved to be due to a mixture of c~-pinene and prey pheromones, frontalin and trans-verbenol (Williamson 1971) , which would provide the searching flies with indications as to prey location and the proper timing of attack. Again, a combination of signals from the host-tree and the prey may thus be necessary here. R. grandis is still in another situation: instead of responding to pheromones of adult prey, it responds to volatiles produced by the larvae; instead of ovipositing on the outer bark, it has to enter the brood systems, packed with larval frass. A bouquet of the same oxygenated monoterpenes produced by active prey larvae can thus be advantageously used at two successive stages, first for locating a D. micans brood chamber in the forest, secondly for laying eggs in the most suitable places within this brood chamber, presumably where the bouquet is the richest and most concentrated due to recent prey activity.
From practical reasons concerning pest management of D. micans, a better knowledge of the chemical signals governing the life history of R. grandis is also welcome. R. grandis is mass-reared and released in outbreak areas for the biocontrol of D. micans King & Evans 1984) . Here, semiochemicals already provide an additional and novel tool: on the basis of our results, oviposition stimuli are now used directly in the cultures, allowing a totally artificial, prey-free mass-production of the predator at low costs and reduced risks of diseases (J.-C. Grégoire, M. Baisier, A. Drumont, unpubl.) . Other appealing prospects are of_ fered by long range attractants for R. grandis. Their use in traps might permit easy monitoring of natural or artificiallyestablished populations of predators. Furthermore, the predators could perhaps be used as 'markers' to monitor their prey. As D. micans does not seem to use aggregation pheromones (Grégoire 1985) and therefore can not be directly monitored by trapping, and as R. grandis excels in locating its prey even at low densities, releases and subsequent trapping of R. grandis in areas previously uncolonised by the bark beetles would indicate establishment of D. micans. Field experiments aimed at evaluating the potentials of this promising method are currently being developed in France in the Départements of Hér-ault and Aude which are still beyond the limits of the rapidly moving range of D. micans but are surrounded by Départe-ments already colonised by the pest (Gard and Aveyron on the East, Ariège on the West), and are thus likely to be invaded in the near future.
